The respiration of excised oat (A vena sativa cv Victory) leaves and their sensitivity to inhibitors was followed during senescence under varied conditions. The respiration rate, which in controls reaches its peak on the third day in darkness, is lowered at the time of fastest loss of chlorophyll (as reported earlier) by seven unrelated reagents that all delay dark senescence. When senescence is delayed by white light or by cytokinins, the respiratory rise is correspondingly delayed. Kinetin and L-serine, which act as antagonists on senescence, also act as antagonists on the respiratory rate. However, an exception to this close correspondence between senescence and the respiratory rise is offered by the lower aliphatic alcohols, which delay dark senescence and yet accelerate the onset of the respiratory rise.
During senescence in the dark, detached leaves of seedling oats (A vena sativa cv Victory) undergo a marked increase in respiratory rate, which reaches a peak at about 250%o of the initial rate on the 3rd d (23) . By that day, the Chl loss and proteolysis are well advanced, and by the 4th d, when the respiratory rate falls, more than 65% of both Chi and protein have been lost. Cytokinins, at concentrations that inhibit or delay senescence, correspondingly delay this respiratory rise (23) . It was therefore concluded that the respiratory rise was either itself the cause or perhaps the direct result of the senescence process. A first suggestion was that both are due to respiratory uncoupling and the consequent loss of phosphorylative energy, but direct determination of the ATP content of the leaves showed that this was not the case (13) . The exact relationship between senescence and respiration thus needs further elucidation.
Recently, a number of senescence-controlling agents other than cytokinins have been discovered, some promoting the process and 'Supported in part by a grant to K. V. T. from the National Research Foundation No. PCM 76-83126. 2 Present address: Universidad Nacional, Belgrano (S) 1912, 4200 Santiago, del Estero, Argentina. some inhibiting it. They include a number ofchemically unrelated compounds, as well as the hormones ABA and ethylene (1, 2, 6-8, 16, 24, 29) . It has also been established that opening of the stomata invariably accompanies, and indeed seems to cause, the delay of senescence in darkness, while closure of the stomata causes accelerated senescence in light (29) . White light is itself an important factor in delaying senescence and causes immediate stomatal opening which is followed by very gradual closure (29) . Its influence reaches saturation at irradiances well below those that saturate photosynthesis (30) .
The work reported here, therefore, explores the relations between senescence and respiration. It deals with three related questions. (a) Is the respiratory rise an integral part of the senescence syndrome? (b) Is it mediated by additional or modified oxidation enzymes? (c) Is the delay of senescence by white light correspondingly linked to an influence of light on respiration? In all three groups of responses, the parts played by respiratory systems with characteristically different sensitivities to inhibitors have been determined.
MATERIALS AND METHODS
Plant Material. The first leaves of Avena sativa (cv Victory) seedlings, grown under continuous white fluorescent lights of intensity 2,150 lux (about 30 ILE/m2. s) at plant level, were used as in earlier reports ofthis series (19, 23) . The 3-cm subapical segment from 3 mm below the tip was excised and floated on water or test solutions in the dark, or in the same white continuous light as for growth.
Respiration Measurements. A Pauling 02 electrode with a 12.5-ml vial (Yellow Springs Co.) and a Perkin-Elmer recorder (Coleman 165) were used for all measurements. The water or solutions were saturated with air, and one drop of20%o Tween 80 was added. The initial respiration rates were determined on leaves cut freshly from the plants. Readings were taken throughout a 15-min period. All data are the means of duplicate or triplicate experiments.
Readings were taken from time to time on the water alone to check for contamination; crystalline penicillin G (10 ,UM) was added routinely to reduce bacterial infection. Separate determinations showed this to be without effect on the leaf respiration.
For experiments with cyanide, up to 0.1 ml of 1.0 M KCN was injected into the vial, and after waiting 3 to 5 min for entry and equilibration, respiration was followed for 15 min at 25°C. The timing is critical for cyanide, because its effects tend to increase with time. The same results were obtained with KCN in water as in pH 7.0 bis-tris buffer (10 mM). For experiments with BAM3, entry was facilitated by cutting the 3-cm segments in half. Respiration ofleaves maintained in light was ofcourse always measured in total darkness. Chl, reducing sugars, and free a-amino nitrogen were determined as previously described (19, 23 (Fig. 1) . However, if the loss of Chl is delayed by kinetin, the respiratory rise is also delayed (23) . To determine whether a delay of senescence is necessarily associated with delay in the respiratory rise, several reagents other than cytokinins were studied. These include chelators, some polyamines, and several other compounds that were earlier found active on dark senescence (17, 24, 29) . Table I (22) . These findings indicate that the Cyt system becomes activated when the respiration increases, and its oxidation is then added to the 02-consuming system of the leaf. To some extent, a similar change occurs spontaneously in the fresh leaves, which are cyanide-insensitive during the first reading, but later tend to become inhibited by the higher KCN concentrations. The same increased sensitivity with time was reported in early work with potato slices (Fig. 3 of Ref. 31) .
A possible explanation of the insensitivity of these leaves to cyanide might be, of course, that it does not penetrate. Cyanide is known to enter plant tissues with great rapidity, and certainly Figure 4 . Here the addition of 1% ethanol (218 mM) immediately introduces sensitivity to cyanide. This occurs without any change in the total respiratory rate (cf. the initial values in Figure 4 with that in Table I ). An inhibition of about 50% appears at once and is maintained for 1 There is, instead, a slow and delayed activation (Fig. 3) . A respiratory rise characteristic of senescence does develop in kinetin on about day 5 in darkness ( Fig. 3 and Fig. 9 below) ; by day 7, nearly 25% of the respiration has become inhibitable by cyanide. The gradual overall respiratory rise parallels the slow Chl disap- In tissues whose respiratory systems are insensitive to cyanide, it is commonly found that they are sensitive to hydroxamic acids such as SHAM or CLAM (18) . For our purpose, SHAM was unsuitable as an inhibitor because its low water solubility requires the use of alcoholic solutions, which themselves exert powerful effects on senescence (16) . Potassium benzyl hydroxamate, BAM, is water-soluble up to above 100 mm and was therefore adopted. Unfortunately, its inhibiting effectiveness is only about one-third that of SHAM (15), so that higher concentrations are needed for clearcut inhibition. In addition to the Cyt system and the 'alternative' oxidase, leaf respiration might also be mediated by other oxidation systems. Of these, lipoxygenase (14, 20) and polyphenol oxidase (15) are best known. Table III presents respiration measurements, with fresh leaves, using the conventional substrates for these oxidases. Total lack of response to linoleic acid seems to eliminate lipoxygenase as a contributor. The equal lack of response to catechol, however, is offset by reproducible increases of about 35% caused by ethyl galiate. In view of the increases of 200 to 300o occurring during senescence, these relatively small increases, shown only by an extremely sensitive substrate, suggest at least very limited participation by polyphenol oxidase. In any event, polyphenol oxidase is KCN-sensitive. The peroxidase of these leaves is also highly KCN-sensitive, I mm inhibiting it by over 50%. Figure 5A shows that BAM powerfully affects the initial respiration. At concentrations below 2.7 mM, it increases the rate by a maximum of 32%. At higher concentrations, the expected inhibition ensues, 50% inhibition (based on the initial value) being reached at 5.7 mm. Although this value would be high for isolated mitochondria, values up to 25 mm have been used without complication for intact tissue (11) . Also, BAM is considerably less effective than SHAM, at least as an inhibitor of tyrosinase (15 (25) . (c) When both inhibitions are maximal, some 9 to 12% of the initial respiration rate still continues, ie. this portion, Vr,, is resistant to both inhibitors.
After 3 d in the dark, the respiratory rate has almost doubled, and almost 50%o of this is cyanide-sensitive (Fig. 6, A and B) ; similar amounts of KCN-sensitive respiration are present throughout the range of BAM concentrations. The doubly resistant fraction, Vre8 , is now about 20%/o of the initial rate. As with the leaves in the initial state, the reciprocal plots are linear. In the initial state, 80%o of the respiration was sensitive to BAM; after 3 d in darkness, the figure had dropped to 55% due to the participation of the cyanide-sensitive pathway. This pathway does not appear in the 1st d, and indeed, as previously reported (23), cyanide alone at low concentrations actually increases the respiration at fist, by about the same percentage as does BAM in Figure 5A .
Respiration of Leaves Maintaind in Light. White light causes a steady increase in respiratory rate (30) , probably due to the accumulation of respirable substrates from photosynthesis. Figure  7 compares the respiratory changes in leaves held in white light with the corresponding changes in three other constituents. The respiratory rate rises at first in parallel with the reducing sugar content, and when the latter levels off after 3 d, the respiration rate follows suit. The ATP content, plotted from earlier data (13), rises more slowly than the respiration, and plateaus after day 4 . At this time, the accelerating drop in Chl indicates that senescence is beginning. The main rise in ATP, beginning after day 2, parallels the appearance of cyanide sensitivity and hence of Cyt-mediated respiration (cf Fig. 3) , which is considered to yield 3 times as much ATP/mol 02 consumed as in the alternative pathway (21) . The final respiratory rise accompanies the final drop in Chl.
When photosynthetic sugar production (though not cyclic photophosphorylation) is inhibited by DCMU at 0.25 mM, the respiratory rate predictably shows only a very slight rise with time (Fig.  8) . The initial value is almost doubled, and furthermore, it seems probable that the DCMU has somehow activated the Cyt system, for, surprisingly, there is now sensitivity to cyanide, which afterwards slowly disappears. Thus, the whole immediate increase in respiration is cyanide-sensitive, for in DCMU + KCN the rate is nearly the same as in dark controls, and increases with time just as in dark controls also (dotted line in Fig. 8 Also, when the respiratory rise in kinetin appears, cyanide sensitivity (as measured in the first 15-20 min) enters (Fig. 3) . The fraction of total respiration carried by the Cyt system reaches about 23% at the peak. This compares closely with 25% in water, and 21% in n-pentanol, all measured at their respective peaks.
Titration of the respiration of leaves with BAM after floating for 2 h in n-pentanol in light (Fig. 10 ) was conducted as described by Bahr and Bonner (3) with the introduction of residual respiration, Vres, needed for tissue (25) . The pentanol, by raising the respiration rate in absence of BAM, removes the promotive effect of low BAM concentrations, and thus simplifies the analysis. Under these conditions, the slope of the curve (p = 1) has been held to indicate that the alternative pathway operates to its full capacity (3) . The straight line obtained shows that changing the rate of participation of the BAM-sensitive pathway does not change the rate of the Cyt pathway. The 
DISCUSSION
The answers to the three questions posed at the outset are: (a) The rise in respiration in the dark is indeed a normal part of the senescence syndrome, for, with a variety of controlling agents, the rise is delayed whenever the senescence is delayed; only the aliphatic alcohols offer an apparent exception, for which an explanation may be at hand.4 (b) There are at least two major oxidases participating. (c) The influence of light on respiration and on senescence does follow the same pattern as that of the several reagents that delay senescence in the dark. Here, however, the parallel is modified by the respiratory rise that takes place (without senescence) in the first 3 d of illumination, but this is almost certainly due to the increased respirable substrates pro-duced by photosynthesis (cf. Fig. 8 with days 1-3 (LC) of Fig. 9 ).
The prominence of cyanide-stable respiration in the green leaf, with its presumably lower ATP production, and the rapid closure of stomata in the dark suggest that the ATP formed by photophosphorylation is speedily used up. The rise in ATP content during dark senescence may then be perhaps partly ascribed to the appearance of the Cyt system, which, as Figure 3 shows, constitutes a part of the peak respiration. It is notable in this connection that, when DCMU is present in light, thus limiting the photophosphorylation to the cyclic portion, a large component of cyanide sensitivity appears (Fig. 8) indicating, therefore, a higher rate of ATP formation (22); correspondingly, the effect of light in delaying senescence can be fully exercised in presence of DCMU. For to delay senescence by opening the stomata means to maintain accumulation of K+ in the guard cells, which requires ATP.
The remarkable ability of the respiratory catalyst to change from cyanide sensitivity to insensitivity and back or to add some cyanide-sensitive respiration to the alternative pathway (Figs. 3,  4 , and 8) is certainly difficult to understand. In controls or with cytokinin, cyanide sensitivity develops only as the respiratory rate rises; but, in ethanol or in light with DCMU, cyanide sensitivity appears at once and disappears 2 to 3 d later. Incidentally, this immediate sensitivity shows further that the slow increase in cyanide sensitivity referred to above cannot be due to delayed cyanide entry. It is suggested that the Cyt system in the leaves is present in an inactive state and is somehow activated either by the treatment or by a large increase in the electron flow, or perhaps by continued exposure to cyanide.
In slices of potato tuber, the phenomena take place in the reverse direction from those in leaves. The fresh tuber slices show full sensitivity to cyanide and the resistance appears (along with greatly increased respiratory rate) only on 'aging' (5, 12, 21, 33) , while in leaves it is the resistant pathway that is initially present or 'normal' and the cyanide sensitivity that develops during senescence or on certain treatments. Yet, in other respects, the two phenomena have a great deal in common-the small number of days needed for the change (e.g. peak respiration at 3 d in the potato as in the leaves), the magnitude of increase (2-3 times), the action of cytokinins in lowering both respiration and ATP content in potato (9) as in leaves (13) 
